The installation sequence and spacing of displacement piles can influence the driving resistance (i.e., blow count) and associated capacity, however, engineers can rarely account for this effect in a direct manner. Increasing the availability of high-quality measurements of the effects of driving sequence and spacing to designers could help improve the understanding of production data and inform decisions midproject. This paper presents some observations of pile driving resistance and pile capacity measured following an experimental program on the use of timber displacement piles in a well-characterized test site. Significant increases in pile capacity were observed as a function of decreased pile spacing depending on the order of installation. After correcting for the estimated residual loads, a fourfold difference in shaft capacity was observed between free-field and a pile in-filled at five pile head diameters.
Introduction
It has been recognized for some time that the installation sequence of displacement piles in a group contributes to the driving resistance (i.e., blow count) and corresponding capacity (Robinsky and Morrison 1964) . Plantema and Nolet (1957) , Meyerhof (1959) , and Broms (1966) have shown that installation of displacement piles in loose sand resulted in some degree of densification up to six pile diameters away from the pile. However, engineers can rarely account for the effect of installation sequence on capacity because few data on the role of pile spacing and installation sequence have been reported. Efforts to quantify the effect of installation sequence on pile capacity could help assess the as-built capacities of pile foundations and construction feasibility where relatively close spacing is required. This paper presents some observations of driving resistance and capacity deduced following an experimental program on the use of timber displacement piles for liquefaction mitigation discussed by Stuedlein et al. (2016) . The subsurface conditions at the test site are described, the test piles and installation equipment presented, and the effect of installation sequence on capacity described. Stuedlein et al. (2016) described the details of the subsurface characterization program conducted to determine the stratigraphy and relative density of the test site; however, a brief description of the subsurface conditions is provided here to aid the interpretation of the driving resistance of the test piles. Commencing at the ground surface, the first soil layer consisted of a 2.0-2.5 m thick layer of loose to medium-dense, clayey and silty sand fill (SM and SC) with construction material debris. Below the fill, the second layer consisted of an 8.5-9.0 m thick layer of loose to medium dense clean to silty, fine sand (SP and SM), which is underlain by a 1.0-1.5 m thick stratum of soft sandy clay (CH). The targetbearing layer for the piling consisted of a deposit of dense to very dense sand (SP). The elevation of the stratigraphic contacts across the site is relatively uniform, with significant variation in cone tip and standard penetration resistance within the thick, loose to medium-dense sand layer, with q t and N 60 ranging between approximately 1 and 10 MPa and 1-10 blows per 0.3 m. The groundwater table was approximately 2.5-2.7 m below the ground surface during exploratory in situ tests.
Subsurface Conditions

Piles and Pile Installation
Standard 12.3 m (40 ft) long piles, with average pile head and toe diameter of 0.31 and 0.21 m, respectively, were selected for the test program. The typical pile taper was equal to 8 mm=m (0.1 in.=ft). In addition to conventional timber piles, timber piles fitted with prefabricated drains (PVDs) were evaluated as described in detail by Stuedlein et al. (2016) . The timber piles were planned to be driven through the loose to medium-dense sand layer and approximately 0.5 m into the bearing layer, which required the piles to be driven 0.7-1.0 m below grade following South Carolina practice to allow access for pile caps. However, many piles could not be driven to the bearing layer owing to the magnitude of densification developed as described by Stuedlein et al. (2016) . The first 19 piles were driven with a Vulcan 06 air hammer (Pile Hammer Equipment, Rising Fawn, Georgia; rated maximum energy of 26.4 kN · m, ram weight of 28.9 kN); the remaining 114 piles were installed with a Conmaco 65 air hammer (Conmaco, Belle Chasse, Louisiana; rated maximum energy of 26.4 kN · m, ram weight of 28.9 kN). Prior to installation, side-mounted soil augers were used to auger 2-3 m at each pile location to avoid damage from the buried debris in the near-surface fill. As the diameter of the augers was 0.24 m, installation of the tapered piles resulted in some densification of the near-surface soils, though not as much as that in the soil below the depth of preaugering. The drained (Zones 1 and 2) and conventional (Zones 3 and 4) timber displacement piles were installed in five-by-five pile groups, and their as-built layout is shown in Fig. 1 . Zones 1 and 3 consisted of pile groups at pile head spacing of five diameters (5D), whereas Zones 2 and 4 consisted of pile groups at three diameters (3D) pile head spacing. 
Effect of Installation Sequence and Spacing on Driving Resistance and Pile Capacity
The installation sequence and spacing of displacement piles may govern their drivability in contractive soils owing to the densification that occurs upon the replacement of soil void volume with the volume of the piles. Fig. 2 presents the driving resistance for several scenarios to illustrate the effect of installation sequence on drivability and capacity. Compare the driving resistance of Piles 1-10 and 4-1, the former of which was the first pile driven at the site, and therefore represents the free-field driving resistance. Pile 4-1 was the first pile driven in Zone 4 [ Fig. 2(a) ], located 11 diameters (11D) from the nearest pile in Zone 3, and exhibited an increase in driving resistance of 1.66 (blow/0.3 m) per meter of pile penetration on average, similar to Pile 1-10 [ Fig. 2(b) ]. Thereafter, the 3D-spaced piles in Zone 4 were driven in a continuous, consistent wave, with pile installation proceeding from the southwest (Pile 4-14) to the northeast (Pile 4-22). For this case, the average rate of driving resistance increased to 2.64 (blow/0.3 m) per meter of pile penetration on average, approximately 60% larger than the free-field resistance.
The installation sequence of the 3D-spaced piles in Zone 2 illustrates the effect of constructing an enclosure of piling followed by in-filling the pile group. Piles 2-10 through 2-25 were installed first, then Pile 2-1 at a spacing of six diameters (6D) to the outer piles, then Piles 2-2 through 2-9 to complete the group, infilled at a spacing of three pile head diameters. As shown in Fig. 2(a) , the average driving resistance of the inner ring of piles in Zone 2 exhibited the greatest driving resistance, with a rate of increase in resistance of 2.98 (blow/0.3 m) per meter of pile penetration on average. Owing to the significant increase in driving resistance, none of the inner piles of Zone 2 (spaced at 3D) could be driven to the bearing layer elevation due to refusal or the onset of pile damage. The average depth for the toes of these piles was Fig. 1 . As-built layout of four five-by-five pile groups evaluated in this study; note: piles designated using a two-number system where the first number equals the zone number and the second indicates the pile number in that zone (c) (b) (a) Fig. 2 . Driving resistance of selected timber piles: (a) comparison of driving resistance for a first-in-group pile (4-1) to the average response for piles installed in a wave [4-2, : : : ,4-25] and average response of in-fill piles [2-2, : : : ,2-9]; (b) variation of driving resistance with depth for piles with dynamic loading tests; (c) variation of energy-normalized driving resistance and associated CAPWAP-based pile capacity; note: PDA removed after 6.4 m on 2-1 due to development of a longitudinal timber crack; capacities not corrected for residual loads 9.25 m, or approximately 3.25 m above the bearing layer. These observations were associated with significant increases in cone and standard penetration resistances following pile installation and described by Stuedlein et al. (2016) , which associate the driving performance with soil densification.
The comparison of driving resistance, and energy-normalized driving resistance of piles where dynamic loading tests were conducted, is shown in Figs. 2(b and c) . The energy-normalized driving resistance was computed by dividing the blows per 0.3 m by the energy computed using the force and velocity time histories measured using the Pile driving analyzer (Pile Dynamics, Cleveland, Ohio). Energy normalization allows the variation of driving resistance between the piles to be assessed without the confounding effect of variance in energy provided by the hammer (which was substantial). Fig. 2(c) also presents the static total, shaft, and toe capacity estimated using the CAse Pile Wave Analysis Program (CAPWAP) for selected depths and driving conditions. Piles 1-1 and 3-1, each at a spacing of five diameters (5D), were the last piles installed within their respective groups, and exhibited approximately twice the driving resistance as the free-field pile (Pile 1-10). However, when the effect of difference in energy was considered [ Fig. 2(c) ], Piles 1-1, 3-1, and 4-1 appeared to exhibit somewhat similar driving resistance.
The driving record for Pile 1-1, which was fitted with a PVD, suggests that the PVD did not appreciably increase its driving resistance or capacity, indicating that positive excess pore pressures were not effectively removed during driving. Whether the drain was damaged during driving, did not have sufficient discharge capacity, or drains on previously installed piles were not close enough at 5D spacing to sympathetically relieve pore pressures is not known.
Drained Pile 2-1 exhibited significantly different behavior than those described earlier [ Figs. 2(b and c) ]. Pile 2-1 was installed after the outer ring of 3D-spaced Zone 2 piles (i.e., was approximately 6D from the nearest adjacent piles), and resulted in substantially larger driving resistance and capacity. At end-of-drive (EOD) and a depth of 6.4 m, the total static capacity of Pile 2-1 estimated using CAPWAP signal matching was 237, 217, and 405% larger than Piles 1-1, 3-1, and 4-1, respectively. Remarkably, the estimated dynamic toe displacement (deduced from CAPWAP analyses) for Pile 2-1 at this depth was significantly smaller (at 3 mm) than any of the other center piles. Unfortunately, a long, longitudinal crack beginning at the pile head developed because of this blow and monitoring with the PDA was terminated as a result. The dramatic increase in driving resistance and capacity for drained Pile 2-1 therefore cannot be reliably attributed to the installation sequence, the use of PVD elements, or the combination of these two variables.
Damage was noted for several piles during installation, including Pile 2-1 as described above. Table 1 presents the maximum compressive stresses, σ c , computed from the PDA records. Differences between the absolute, greatest measured σ c (representing one of two strain measurements), and average maximum σ c (representing the average of the two strain measurements) indicate eccentricities that developed, either due to non-concentric hammer impact or differential soil densification, during driving. The absolute maximum σ c across all monitored piles was 26.2 MPa (Pile 2-1), or three times larger than the static allowable σ c for compression parallel to the grain (Collin 2002) . Thus, the tradeoff for increased geotechnical capacity for closely spaced, infilled piles is the potential for loss of constructability including the inability to drive to a target bearing layer and the overstressing of the pile during driving, as in the case of Pile 2-1.
Corrections to Load Transfer to Account for Residual Load
Assessment of the CAPWAP-derived load transfer revealed the presence of residual loads within the piling. Residual loads lock into a pile during the reflection of hammer impact-induced stress waves, and if uncorrected, lead to the overestimation of shaft resistance and underestimation of toe bearing resistance (Fellenius 2002) . It is unclear what effect pile taper has on the magnitude of residual loads; as such, no effort was made to account for the relative, depth-varying increase in dynamic stress with reduced pile cross-section in the assessment of residual load magnitude. Fig. 3 presents the shaft resistance profiles for the restrike of Piles 1-1 and 4-1, corrected for residual loads estimated using the method outlined by Fellenius (2002 Fellenius ( , 2015 . The time elapsed between EOD and restrike was 170 and 145 min for Piles 1-1 and 4-1, respectively; no other piles were driven in Zone 4 prior to the restrike of Pile 4-1. As shown in Fig. 3 , the effect of proximity to previously installed piles is significant; Pile 1-1 exhibited a nearly fourfold greater shaft resistance than Pile 4-1. Similarly, the back-calculated effective stress-normalized unit shaft resistance, known as the β-coefficient, was significantly greater for Pile 1-1. These observations are remarkable given that the CAPWAP-calculated toe movement to produce the observed load transfer was much larger (13 mm) for Pile 4-1 than Pile 1-1 (1 mm). The Fellenius (2002 Fellenius ( , 2015 method does not require assumptions regarding toe movement; however, it is assumed that the ultimate shaft resistance is realized along the length of the pile during driving. Thus, it is possible that the ultimate shaft resistance was not achieved along the deeper portions of Pile 1-1 given that the CAPWAP-calculated toe movement was just 1 mm, which would in turn affect the magnitude of the corrected load transfer distribution. Note: BOR = begin-of-restrike; EOD = end-of-drive. 
